A Cu-Ni alloy in which the nickel content was included up to approximately 5 mass% was melted in a graphite crucible with a high frequency induction furnace to prepare the Cu-Ni-C sat (saturated carbon) alloy. Solubility of carbon into Cu-Ni alloy increased with the nickel content and with the melting temperature. The relation between the activity coef cient of carbon for Cu-Ni-C sat and the temperature could be expressed by numerical formulas. This work proposed that the interaction parameter, ω Ni C , for Cu-Ni-C sat was −16.1. The precipitated particles from the melt were graphite. Vickers hardness of Cu-Ni-C sat system increased with C content. The Cu-Ni-C sat alloy prepared in this study was hardened by precipitation hardening of the graphite particles and solution hardening of Ni.
Introduction
Graphite-dispersed copper composites have been known to have good thermal and electrical conductivities, self-lubricating and low thermal expansions coef cient. 1, 2) The former two properties and the latter two properties were mainly originated from copper and graphite respectively. Therefore, this composite is used for a sliding contact which an electric current ows in and friction acts on. One of the applications of this material is a brush for a direct current (DC) motor and a generator. 3, 4) The brushes determine the lifetime of a DC motor and a generator. Because the brush is worn by the friction, the brush is replaced as needed.
Generally, the graphite dispersed copper composites have been prepared with the sintering. 5) The most important thing is that copper does not wet graphite. Therefore, surface modi cation of graphite and/or alloying a copper with the element such as Ti and Cr so as to improve the wetting. 6, 7) Generally, a metal can wet a solid which formed endogenously. If graphite is precipitated in a molten copper as graphite from cast iron, this problem of the wetting between copper and graphite will be able to be solved. The phase diagram shows that the solubility of carbon in liquid copper at the temperature below approximately 2000 K is below approximately 50 mass ppm. 8) Then, in our previous work 9) , copper in a graphite crucible was heated up to approximately 2300 K so as to study the solubility of graphite into molten copper at a higher temperature. The saturated content of carbon in molten copper steeply increased when the temperature exceeded approximately 2100 K. The saturated content of carbon in molten copper at 2273 K was 300 mass ppm. In addition, spheres and akes of graphite were precipitated at the nal solidi cation place of the copper saturated with carbon. However, the saturated carbon content was too small that quantity of the precipitated graphite was a few. Then, in this work, it was attempted to increase the solubility of carbon by addition of alloying element in copper. Because the carbon can dissolves in a nickel, it is anticipated that the solubility of carbon in Cu-Ni alloy increases with an increase in nickel content in the alloy. J. R. Anderson and M. B. Bever investigated the solubility of carbon in copper-nickel alloy at temperature of 1748 K. 10) Until now, there is no research on carbon solubility in molten copper-nickel alloy above 1748 K. In addition, whereas Ni 3 C has been known as carbide of nickel, it can be estimated from Gibbs energy that the Ni 3 C does not form in the Cu-Ni-C sat alloy.
11) A nickel is chosen as an alloying element from these two reasons. Then, as a series of fundamental study of preparation of graphite dispersed copper composite, in uence of nickel content in molten Cu-Ni alloy on the solubility of carbon was investigated. In addition, The Vickers hardness of the solidi ed alloy was measured to clear the effects of the dissolved carbon, precipitated graphite and nickel content on the hardness.
Experimental

Cu-Ni alloy preparation
Copper (the purity: 99.9 mass%) and nickel (99.9 mass%) were used for preparation of Cu-Ni alloy. The Cu-Ni alloy of approximately 300 g in a magnesia crucible was melted under argon (99.9995 vol%) gas ow with an high frequency induction furnace. Immediately after the molten alloy was sucked through a silica tube with an inner diameter of 8 mm, the molten alloy in silica tube was put into water to cool it rapidly. The content of nickel in the solidi ed rod-like sample was measured with a spot analysis of an energy dispersive X-ray spectroscopy (EDS). Nickel content in the center of the rod-like sample was low, and it increased slightly in the direction from center to the side surface. However, the nickel content at each radial distance from the center did not change with the position in the longitudinal direction of the rod-like sample. This meant that central segregation occurred in the solidi ed sample. However this also meant that the total composition of the sample cut in round slice from the sample was unchanged. Therefore, the sample for measurement of solubility of carbon was prepared in such slice. The sliced sample was approximately 1.24 g in weight. The nickel contents in the sliced sample were 1.35 ± 0.10 mass%, 3.13 ± 0.11 mass% and 5.02 ± 0.10 mass% respectively. Nickel content was measured with an ICP-OES and an area analysis of EDS. The area analysis was performed at the randomly chosen ten places of a sample. Both two analytical values almost accorded in the range of scattering of the analytical values. Therefore nickel content was mainly measured with an EDS. Figure 1 showed the experimental apparatus for measurement of the solubility of carbon. High frequency induction furnace (130 kHz, 30 kW) was used in this experiment. The graphite crucible (99.5 mass%) for melting the alloy was 11.5 mm in inner diameter, and the height of the crucible was adjusted so that the distance between the graphite lid and the surface of the molten alloy in the crucible was 1 mm or less. The graphite lid which was put on the crucible was hollowed 3 mm in depth from the upper top. These graphite crucible and lid were burned in argon gas at approximately 2000 K before experiment. The temperature of the hollowed part of the lid was measured with a two color thermometer. It was con rmed that the temperature measured with a two color thermometer accorded with the temperature by the crucible with a thermocouple (Pt-20 mass% Rh, Pt-40 mass% Rh). Several graphite crucibles were placed in a large graphite crucible which was heated with the induction furnace.
Experiment for measurement of carbon solubility
The sliced Cu-Ni alloy was placed in the graphite crucible. Subsequently, argon gas with a ow rate of 2.0 × 10
(293 K, 101.3 kPa (NTP)) was introduced into the furnace to displace the air and prevent oxidation during experiment. Then, the alloy was heated under argon gas ow. It took around one hour to heat the crucible at the desired temperature. The temperature was controlled at desired temperature with ±10 K manually. After keeping the temperature of the crucible constant for designed time, the alloy was cooled in the furnace. A certain cooled alloy adhered strongly on the graphite crucible. This strong adhesion was observed for the sample whose nickel content was around 1.35 mass%, 3.13 mass% and 5.02 mass% prepared over the temperature of 1973 K, 2073 K and 2143 K respectively. This indicated the molten alloy wetted well on the graphite on these conditions. Adhered graphite was removed by ling. Carbon and sulfur contents in the sample were measured with combustion-infrared absorbing method. As described later, precipitated graphite particles did not existed uniformly in the sample. The sample was cut in half with a wire cutter. Both two pieces were analyzed. The carbon and sulfur contents were determined in consideration of the analytical values and the weights for both two pieces of the samples. The samples for observation and analysis of nickel composition were also prepared in the same way in addition to the samples for analysis of carbon and sulfur contents. The sample in the resin was polished by an emery paper, alumina powder and colloidal silica in this order, and was observed by an optical microscope and a scanning electron microscope (SEM) equipped with and EDS. The nickel content in the sample was measured with an EDS, as described earlier.
Vickers hardness of the alloy was measured with the test force of 980 mN and holding time of 10 s. Specimens which were prepared at 1673 K, 1873 K and 2073 K were heat treated at the temperature of 873 K for 2 hours. The hardness was measured for the center and upper part of the specimen. The hardness was measured for 7 different locations of each part. The scattering of the measured hardness was ±50 MPa. Figure 2 showed an example of change in carbon content in molten Cu-Ni with time. The carbon content in the molten Cu-Ni alloy became constant one hour later from keeping the temperature at desired temperature, irrespective to nickel content and temperature. In addition, any product except graphite and any nickel rich phase were not observed and detected at the interface between molten alloy and graphite crucible. Therefore, the carbon was saturated in the molten ally one hour later, and it was equilibrated with graphite. The sulfur content in the alloys were below 50 ppm. Nickel content in the alloy two hours later were listed in Table 1 . It increased from the initial nickel content, because the vapor pressure of pure copper was approximately 20 times larger than that of pure nickel. 12) In uence of the temperature on the solubility of carbon was shown in Fig. 3 . The carbon content was plotted as a phase diagram. The saturated carbon content for each nickel content in the molten alloy increased with an increase in the temperature. The solubility of carbon in pure copper was also shown in this gure. The saturated carbon content for each temperature increased with an increase in nickel content. Anderson and Bever 10) studied the carbon solubility of molten Cu-Ni alloy with the nickel content up 90.672 mass% at 1748 K. Their solubility was also shown in Fig. 3 . The relation between the saturated carbon content and the nickel content which was predicted from work agreed well with their work. In addition, the saturated carbon content of 5.02 mass% at 2143 K was almost the same as that for nickel content of 9.94 mass% at 1748 K given by their work. It was indicated from our and their works that the saturated carbon content can be controlled by the temperature and the nickel content of CuNi alloy.
Results and Discussion
Solubility of carbon in Cu-Ni alloy 3.1.1 Saturated carbon content
It was convenient to express the solubility as a function of 
C Ni : 0.00 mass% 9) ln[mass%C] = 4.4683 × 10
Solubility values calculated using the above expression was shown in Fig. 3 . The values calculated using eqs. (1)- (3) agreed well with the experimentally obtained values.
Activity coef cient of carbon
Activity of carbon, a c which based on pure substance as standard state could be expressed with using activity coefcient of carbon, γ c and molar fraction of carbon, x c could be expressed as:
Because the molten Cu-Ni alloy was equilibrated with graphite, the carbon activity was equal to one. Therefore, the activity coef cient of carbon could be calculated from the following equation. Figure 4 showed the relation between the activity coefcient of carbon and the temperature. In this gure, the data given by Anderson & Bever were also shown. It is shown that activity coef cient using eq. (6), agreed with the experimentally obtained values. The activity coef cient decreased with the temperature rise, and with an increase in the nickel content.
Interaction parameter, ω Ni C , of Cu-Ni-C sat system could be given as: Figure 5 showed the relation between natural logarithm of the activity coef cient of carbon and molar fraction of nickel. The solid lines were given by the regression analysis. There was the good linear relation between them for each temperature. The data by Anderson and Bever 10) were also shown as a dotted line in this gure. There was also good linear relation between them. These linear relation indicated adaptability of eq. (3). The gradient of each solid line gave the interaction parameter, ω Ni C according to eq. (3). The interaction parameters were listed in Table 1 . The interaction parameters obtained in this work were larger than the parameter given by Anderson and Bever 10) . There was no dependency of the interaction parameter on the temperature. Then assuming that the parameter was not in uenced by the temperature, the interaction parameter was determined by averaging the experimentally obtained interaction parameters. The averaged interaction parameter was −17.1, as listed in Table 1 . The broken lines in Fig. 5 were drawn by using the averaged interaction parameter. These broken lines could also express the data.
Precipitates
The precipitated particles in the solidi ed Cu-Ni-C sat alloy were shown in Fig. 6 . Even if the black particles were analyzed with the spot analysis of the EDS, the elements except carbon could not almost be detected. Therefore, the black particles were judged to be graphite. As shown in Fig. 6 , the particles were classi ed into the particles of approximately 5 μm or more in size and the particles of approximately 0.5 μm in size. Many of the relatively large graphite particles were observed on the alloys which were prepared at a higher temperature and/or nickel content, which indicated the higher carbon content. Whereas the particles had a variety of shapes, they were angular more or less. Figure 7 showed the distribution of graphite particles. In comparison of Fig. 7 (a) and Fig. 7 (b) , many graphite particles were observed in the sample which was prepared at higher the temperature and the Ni content, which meant that the saturated carbon content in the sample was higher. The particles were in every place of the whole sample as shown in Fig. 7 (b) and Fig. 7 (c) . However, the particles did not exist uniformly. Many graphite particles were at some place and a few particles were at other place in the sample. The large particles with the size of 5 μm or more could be observed in Fig. 7 , but the particles with the size of approximately 0.5 μm did not existed uniformly. Cu-Ni alloy system was all proportional solid solution. nickel rich phase in which carbon content was high crystallized out from the melt even in Cu-Ni-C system. Whereas a nickel rich phase could not be distinguished from a nickel poor phase, it could be said that many graphite particles precipitated from the nickel rich phase.
Vickers hardness
The Vickers hardness was mainly measured for the an- nealed samples which were prepared at the temperatures of 1673 K, 1873 K and 2073 K. The Vickers hardness increased linearly with the increase in the saturated carbon content. The phase diagram of Cu-C system indicated that carbon could not dissolve into solid copper. In addition, judging from the carbon solubility in the molten Cu-Ni-C sat in this work, carbon did not dissolve into solid Cu-Ni system. Therefore, this increase in the Vickers hardness with the saturated carbon content did not resulted from dissolved carbon but from the precipitated graphite particles. The hardness also increased with the increase in the nickel content, as shown in Fig. 8 . Consequently, carbon saturated Cu-Ni alloy which was prepared in this work was hardened by precipitation hardening of the graphite particles and solution hardening of nickel.
Conclusions
Cu-Ni alloy which included nickel content up to approximately 5 mass% was melted in the graphite crucible to prepare graphite dispersed Cu-Ni alloy. Solubility of carbon in the Cu-Ni alloy and Vickers hardness were measured in this study. Main results and conclusion were summarized as follows:
(1) The solubility of carbon in the molten Cu-Ni alloy increased with the temperature rise and with the nickel content. The relation between solubility of carbon in molten Cu-Ni alloy and temperature, T (1673 K 2143 K) could be given by eqs. (1) (3).
(2) It was proposed that the interaction parameter, ω Ni C , for Cu-Ni-C sat (saturated carbon) was −17.1.
(3) Graphite particles were precipitated from the molten Cu-Ni-C sat . Vickers hardness of Cu-Ni-C sat system increased with C content and Ni content. The Cu-Ni-C sat alloy was hardened by precipitation hardening of the graphite particles and solution hardening of nickel. 
